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Abstract  
  
Rude, Megan R. M.S. Department of Biological Sciences, Wright State University, 2019. Bat 
Species Diversity and Habitat Use Assessment with Focus on Endangered Indiana Bats in the 
Wright State University Woods.  
 
 
The goals of my thesis are to: 1) identify species of bats in Wright State University’s 
(WSU) campus woods via acoustic surveys to compare to detections from previous years 
(Chapter 1) (2) analyze occupancy and detection probabilities of Indiana bats in different areas 
throughout the woods (Chapter 1), and 3) create an acoustical approach to analyze habitat use 
through bat social calls (Chapter 2). 
In Chapter 1, I conducted stationary acoustic surveys in the Wright State University 
woods in hydric (riparian), edge, and old growth habitats to record bat vocalizations. The WSU 
woods have a diverse bat community as ten out of eleven possible bat species were detected. 
Furthermore, foraging habitat selection was species-specific, and could be driven by wing 
loading and competitive exclusion. Indiana bat occupancy was consistent throughout the woods; 
habitat did not affect occupancy. Indiana bat detection was not affected by habitat or 
precipitation but was positively correlated with temperature. As temperatures increased, bat 
detection probabilities also increased. 
In Chapter 2, I conducted stationary acoustic surveys in the WSU woods in riparian, 
edge, and old growth habitats to record Indiana bat social calls. The WSU woods housed 
federally endangered bats, and likely Indiana bat maternal roost sites indicated by the presence of 
isolation calls. This study also demonstrated that habitat analysis using social calls is a viable 
way to detect quality foraging areas and maternal roost sites. 
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Chapter 1.  
 
Species diversity and Indiana bat occupancy in the Wright State University Woods 
 
 
 
 
Abstract 
 
North American bats are subject to numerous threats including habitat loss and 
fragmentation, climate change, wind energy facilities, and disease, most recently, White-nose 
Syndrome (WNS). The emergence of WNS, combined with other threats to bat populations, has 
emphasized the need for a standardized non-invasive method to monitor populations. Acoustic 
surveys for population monitoring are gaining acceptance due to restrictions on cave entry and a 
push for non-invasive sampling. I conducted stationary acoustic surveys in the Wright State 
University woods (Dayton, OH) from May 15 to August 30, 2018. I used stationary bat acoustic 
detectors placed in hydric (riparian), edge, and old growth habitats to record bat vocalizations. 
My aims for this study were twofold, (1) identify species of bats in different areas throughout the 
WSU woods via acoustic surveys to compare to detections from previous years and (2) analyze 
occupancy of Indiana bats in different areas throughout the woods by using recorded 
echolocation calls. I predicted hydric habitats would have a higher number of echolocation calls 
as these habitats are preferentially selected for foraging. I also predicted that occupancy and 
detection estimates, determined by echolocation, calls would be greatest in riparian habitats. 
Recorded echolocation calls were species classified using the bat analysis software Kaleidoscope 
 
 
 
2 
Pro. 9,044 echolocation calls were recorded, and ten out of eleven local species were detected. 
Foraging habitat selection was species-specific and could be explained by wing loading and 
competitive exclusion. Habitat also had no effect on occupancy. However, detection probability 
decreased when temperature was included indicating that there are higher detection rates, likely 
due to higher bat activity, at higher temperatures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
Introduction 
 
North American temperate bats are primary predators of night-flying insects and play a 
significant role in controlling insect populations including many agricultural pests. Bats are 
considered keystone species because of their enormous economic value as biological control 
agents of insects (Gannon and Bovard, 2016). It is estimated that North America could lose more 
than $3.7 billion/year with the loss of its insectivorous bats (Boyles et al., 2011). 
North American bats are subject to numerous threats including habitat loss and 
fragmentation, climate change, wind energy, and disease, most recently, White-nose Syndrome 
(WNS) (Tonos et al., 2014). White-nose Syndrome, a disease caused by the fungal pathogen 
Pseudogymnoascus destructans, has killed upwards of 5.5 million bats since it was first seen in 
2006 in New York (U.S. Fish & Wildlife Service, 2015). The introduction of WNS has caused 
concern for many endangered bat species (Ingersoll et al., 2012). The federally endangered 
Indiana bat (Myotis sodalis), is seeing declines of 10% annually (Thogmartin et al., 2012). 
Demographic population models suggest Indiana bats are likely to be extirpated locally and 
regionally due to these declines (Thogmartin et al., 2013). Because of the drastic declines of 
Indiana bats, habitat preferences and habitat quality urgently need to be determined.  
The emergence of WNS, combined with other threats to bat populations, has emphasized 
the need for a standardized non-invasive method to monitor populations. Typical survey methods 
include visual counts of roosting bats, mark recapture studies, mist netting, hibernacula surveys 
(monitoring and sampling hibernating populations), and acoustic surveys. Acoustic surveys for 
population monitoring are gaining acceptance due to restrictions on cave entry and a push for 
non-invasive sampling (Tonos et al., 2014). Acoustic surveys involve recording the ultrasonic 
echolocation calls emitted by bats. Bats produce echolocation calls when foraging for locate 
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insects. These calls are species specific; frequency, bandwidth, duration, slope, and number of 
pulses vary according to species (Figure 1.1). Recorded bat echolocation calls are classifiable to 
species by comparing these features to a library of known calls (Parsons and Jones, 2000; Russo 
and Jones, 2002).  
Due to technological constraints, acoustic studies have only recently become a viable 
way to study bats. There are two types of acoustic surveys, mobile (active) and stationary 
(passive). Mobile surveys consist of actively recording calls while walking, driving, or boating 
along a transect. These surveys are performed along public roads or pathways, yet recorded data 
is extrapolated to the entire habitat. Mobile surveys are beneficial in indexing population sizes 
because the researcher is moving fast enough that the same bat is not sampled twice, thus every 
sample is considered a new individual. They are also useful in monitoring population trends and 
surveying larger areas (Tonos et al., 2014). However, mobile surveys require more effort than 
stationary surveys. Stationary acoustic monitoring utilizes detectors, placed in a chosen sampling 
location, passively record calls of bats for a specific length of time. This method is useful in 
determining presence or absence of a species, assessing species diversity, analyzing habitat 
occupancy, and recording an index of bat activity. Each recorded call is defined as a bat pass, 
rather than an individual (Tonos et al., 2014); thus, relative activity levels are measurable.  
Stationary surveys are effective in terms of number of calls recorded per sampling hour, 
quality of call files, and species richness (Stahlschmidt and Bruhl, 2012; Tonos et al., 2014). 
Stationary surveys also accurately represent the heterogeneity of bat activity across a landscape 
(Stahlschmidt and Bruhl, 2012), and account for spatial and temporal variation of bat activity 
(Adams, 2013; Skalak et al., 2012). However, stationary surveys cannot be used to estimate 
population sizes. Each recorded call is defined as a pass, rather than an individual, because it is 
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unknown whether each recording is a new individual or rather a recording of one of multiple 
calls from the same individual (Tonos et al., 2014). 
Echolocation calls can be used to generate presence absence matrices, which are used in 
occupancy analysis. Occupancy analysis uses this data to model the probability a species is 
located in or can be detected in the area of interest. This analysis is a practical method for 
monitoring; presence and absence data is usually less intensive to collect and often less 
expensive to obtain than census data.  
The 82 ha of primary forested habitat that comprises the Wright State University (WSU) 
campus woods provide a unique habitat in an urban area. WSU falls within the geographical 
range of 11 species of bats: big brown bat (Eptesicus fuscus), eastern red bat (Lasiurus borealis), 
hoary bat (Lasiurus cinereus), silver haired bat (Lasionycteris noctivagans), eastern small footed 
bat (Myotis leibii), little brown bat (Myotis lucifugus), northern long eared bat (Myotis 
septentrionalis), Indiana bat (Myotis sodalis), evening bat (Nycticeius humeralis), tricolored bat 
(Perimoytis subflavus), and Raffinesque’s big eared bat (Corynorhinus rafinesquii). All but the 
Raffinesque’s big eared bat have been detected in the WSU woods in a previous study (Simonis, 
2018). In 2000 Indiana bats were tracked to WSU’s woods from a local maternal colony which 
has been continually monitored by various agencies (Whitaker, 1993; BHE and International, 
2000; AMEC and Eco-Tech, 2007; Bat Conservation and Management, 2012) but they have not 
been studied in the woods since.  
My aims for this study were twofold, (1) identify species of bats in different areas 
throughout the WSU woods via acoustic surveys to compare to detections from previous years 
(Simonis, 2018) and (2) analyze occupancy of Indiana bats in different areas throughout the 
woods by using recorded echolocation calls. I used stationary bat acoustic detectors placed in 
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hydric (riparian), edge, and old growth habitats to record bat vocalizations. I predicted hydric 
habitats to have a higher number of echolocation calls as these habitats are preferentially selected 
for foraging (Carter, 2006). I also predicted occupancy estimates, determined by echolocation 
calls, to be highest in riparian habitats, and that the probability of detection would be affected by 
precipitation and temperature.  
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Figure 1.1 Sonograms of bat echolocation calls. A) a typical echolocation sonogram labeled 
with measurable features of the call. Echolocation call features vary by species. B) an 
echolocation call from a big brown bat, a larger bat species. C) An echolocation call from an 
Indiana bat, a smaller bat species.  
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Methods 
Study Site 
This study was conducted at Wright State University, located in Dayton, OH (39.7822, -
84.0625). WSU has 82 ha of primary, 85 and 65 years old secondary forested habitat. Two 
streams run through both primary and secondary areas and are a part of the Mad River 
watershed.  
Sampling 
I monitored bats in the WSU woods via stationary call detectors from May 15 to August 
30, 2018, in accordance with US Fish and Wildlife Service (FWS) guidelines for Indiana bat 
surveys (U.S. Fish and Wildlife Service, 2018). I selectively placed a SM4BAT FS bat detector 
(Wildlife Acoustics, Inc., Maynard, MA, USA) at 15 sample sites throughout the woods, in 
hydric (n = 5), interior (n = 5), and edge (n = 5) habitats (Figure 1.2). Locations were chosen to 
maximize the number of calls recorded based on previous monitoring in 2017 (Simonis, 2018). 
Sites were at least 60 km from each other to avoid overlapping of detection range. Interior 
habitat sites were as at least 100 m from the forest edge in all directions, edge sites were within 
10 m from the forest line, and hydric sites were located directly along the stream corridors. When 
possible, snags and shag bark hickory trees were selectively chosen to mount the detector on, as 
tree roosting bats preferentially select trees with exfoliating bark for day roosting (Humphrey et 
al., 1977).  
The SM4BAT was placed at a height of three meters and remained at each site for three 
consecutive detection nights, after which it was moved to the next site in an alternate habitat. All 
15 sites were monitored twice in summer 2018 for a total of six detection nights per site. This 
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amount is above the four detector nights per site recommended by FWS (U.S. Fish and Wildlife 
Service, 2018). 
Monitoring began 90 minutes before sunset and ended 90 minutes after sunrise. This 
allotted time allowed for the greatest amount of potential bat-pass detections and provided an 
accurate index of nocturnal foraging activity (Skalak et al., 2012). Temperature was recorded 
every 10 minutes by the detector, and precipitation in inches was recorded for each night. 
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Figure 1.2. Study sites in the campus woods of Wright State University. Sample sites 
are labeled with pins, interior (INT), edge (EDGE), and riparian (RIP). 
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Classification of Calls 
All calls were classified using bat acoustic software Kaleidoscope Pro (Wildlife 
Acoustics, Inc., Maynard, MA, USA). I separated classifications into two groups, species 
classified echolocation calls and noise files; only echolocation calls were analyzed. Echolocation 
calls classified with a match ratio of less than 0.75 (meaning at least 75% of the call matched 
known calls from that species) were excluded from further analysis.  
Data Analysis 
Species identified echolocation calls were compiled to create a graph of total number of passes 
per species. To determine if habitat type affected species present, I tested differences in the 
number of calls per species between hydric, interior, edge habitats in a generalized linear model 
with a Poisson distribution. I ran an ANOVA test on the generalized linear model output to test 
which variables significantly affected number of calls. I created a prediction data frame of 
predicted call numbers for each species. 
I analyzed Indiana bat occupancy using the package unmarked (Fiske and Chandler, 
2011) in the programming language R, Version 3.6.1 (R Core Team, 2018). I ran models without 
covariates, and with site covariate habitat, addressing probability of occupancy, and 
observational covariates temperature, and precipitation, addressing probability of detection.  
Results 
I recorded 31,515 total call files across 2627 detection hours. Of those call files, 9044 
were classified echolocation calls and 22,471 were non-echolocation calls. After removing calls 
with a match index lower than 0.75, I had 8405 classified echolocation calls. Interior, edge, and 
riparian habitats had 1856, 3011, and 3537 classified echolocation calls, respectively (Figure 
1.3). 
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I detected ten out of eleven local species: big brown bat (EPFU), eastern red bat (LABO), 
hoary bat (LACI), silver haired bat (LANO), eastern small footed bat (MYLE), little brown bat 
(MYLU), northern long eared bat (MYSE), Indiana bat (MYSO), evening bat (NYHU), and 
tricolored bat (PESU) (Figure 1.4). Eastern red bats had the highest number of passes while 
Eastern small footed bats had the lowest number of passes. The only local species not detected 
was Raffinesque’s big eared bat. Of the total echolocation calls, 10 % were myotis calls (702 
MYLU, 22 MYSO, 14 MYSE, and 1 MYLU).  
The generalized linear model showed significance for all coefficients, and this was 
confirmed by an ANOVA (Table 1.1). There was a significant difference in number of calls per 
habitat type for each species. 
The predicted number of calls for each species varied by habitat (Figure 1.5, Table 1.2). 
The predicted numbers of calls for Myotis species were low in all habitats. 
The expected probability of overall Indiana bat detection with no covariates was 0.328 ± 
0.089 (Table 1.3). The probability decreased to 0.185 ± 0.068 when temperature and 
precipitation were included as covariates. The expected overall probability of Indiana bat 
occupancy was 0.441 (SE=0.144). The AIC value for the model with no covariates was 70.299, 
and the AIC value with covariates was 68.561. Habitat did not influence probability of 
occupancy (p = 0.388, p = 0.548, p = 0.878). Precipitation did not influence the probability of 
detection (p = 0.378). Temperature significantly influenced the probability of detection (p = 
0.011, 95% CI= -2.107- -0.271)
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Figure 1.3. The number of total echolocation calls per habitat across all species. 
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Figure 1.4. The total number of echolocation calls by species. big brown bat (EPFU), eastern red bat (LABO), hoary bat (LACI), 
silver haired bat (LANO), eastern small footed bat (MYLE), little brown bat (MYLU), northern long eared bat (MYSE), Indiana bat 
(MYSO), evening bat (NYHU), and tricolored bat (PESU). 
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Figure 1.5. The predicted number of calls for each species in each habitat type. 
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Table 1.1. An ANOVA of the generalized linear model showed significance for all variables. 
 
Variable Df Deviance Residual df Residual 
Dev. 
Pr(>chi) 
Null 
  
134 21442 
 
Habitat 2 566.8 132 20875 0 
Species 2 8035.3 124 12840 0 
Habitat:species 16 2318.4 108 10521 0 
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Table 1.2. The predicted number of calls for each species in each habitat type. 
 
Predicted number of calls  
Species Edge Interior Riparian 
EPFU 67.20 165.80 80.20 
LABO 260.20 25.80 228.60 
LACI 25.80 81.00 138.00 
LANO 36.80 21.40 16.20 
MYLU 46.80 43.20 43.20 
MYSE 0.00 2.20 0.80 
MYSO 1.00 3.20 0.40 
NYHU 159.20 20.20 187.60 
PESU 5.80 6.60 13.60 
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Table 1.3. Occupancy and detection probability estimates from both occupancy models. 
Test Covariates added?  
Y/N 
Estimate SE LinComb AIC 
Occupancy N 0.441 0.144 -0.239 70.299 
Occupancy Y 0.441 0.144 -0.239 70.299 
Detection N 0.328 0.089 -0.718 70.299 
Detection Y 0.185 0.068 -1.49 68.561 
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Discussion 
The large number of calls recorded in this study confirm the efficacy of stationary 
acoustic surveys. I recorded 31,515 total calls across 2627 detection hours, which averages 12 
calls per hour. Passive sampling more accurately represents the heterogeneity of bat activity than 
mobile sampling by sampling at numerous locations across the landscape (Stahlschmidt and 
Bruhl, 2012). Passive sampling also accounts for temporal variation of bat activity throughout 
the night, while active sampling does not (Skalak et al., 2012). While stationary acoustic 
equipment is less cost effective, it produces larger amounts of data, a better representation of 
nightly bat activity, and requires less effort than mobile acoustic surveys.  
The large number of classifiable echolocation calls show that WSU has quality habitat for 
numerous bat species. The species detected in this study are consistent with data from 2017 
(Simonis, 2018), with the addition of eastern small footed bats in 2018. It is possible that the 
eastern small footed bat call was a misidentification by the classification software. There was 
only one call recorded, and even though the match ratio was more than 0.75, it is likely this was 
a misidentification, as no eastern small footed bats have been detected in these woods or in 
nearby areas before. 
I had predicted that riparian habitats would have the highest number of echolocation calls 
due to preferential selection of these areas for foraging (Carter, 2006). Indeed, riparian habitats 
had a significantly higher total number of calls overall than edge and interior habitats. 
Furthermore, habitat use was species-specific. While riparian habitats had the overall highest 
activity levels, some species preferred other habitats.  
While the results of this study cannot be directly tested against the data from 2017 due to 
different sampling techniques and effort hours, trends in the data can be compared. Simonis 
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found that larger bodied species such as E. fuscus, L. borealis, and L. cinereus preferred edge 
habitats for foraging in the WSU woods, while midsized and small bodied species such as myotis 
spp. had intraspecific variation in foraging habitat selection (2018). The results of this study 
showed intraspecific variation in habitat selection for all species, large and small bodied bats.  
Simonis postulated that the preference by large bodied bats was due to wing loading, 
calculated as the product of mass (kg) and gravitational acceleration (g) divided by wing area 
(m2) and is related to pressure acting upon the wings (Norberg and Rayner 1987). Larger wing 
loading values are correlated with decreased maneuverability and thus, bats select for less 
cluttered areas, such as edge, to forage (Aldridge and Rautenbach 1987). This edge preference 
has been documented for E. fuscus (Morris et al., 2010). In this study, edge preference is seen 
with L. borealis, confirming Simonis’ results, however I found that E. fuscus preferentially 
foraged in interior habitats and L. cinereus in riparian habitats. For small bodied bats, the results 
of this study are consistent with previous WSU data. However, it is well documented that Myotis 
spp. do not preferentially select one habitat over the other (Furlonger et al., 1987), so I would 
expect to find them in all habitats in the WSU woods.  
This discrepancy with previous data in the WSU woods could be explained by sampling 
method. Stationary surveys more accurately represent the heterogeneity of bat activity across a 
landscape than mobile surveys (Stahlschmidt and Bruhl, 2012), and account for spatial and 
temporal variation of bat activity (Adams, 2013; Skalak et al., 2012). It is likely that the higher 
number of calls recorded via stationary acoustic sampling in this study provide a more accurate 
and robust representation of bat activity in the WSU woods than previous mobile surveys did.  
The discrepancy with data from the literature could be explained by the competitive 
exclusion principle: species can only coexist if their ecological niches show considerable 
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differences. With such a diverse bat community in a relatively small area, it is very likely that 
bats are selecting habitats with the least amount of competition, rather than due to wing loading. 
The separation of Myotis spp. into edge and interior presumably is an avoidance method to 
decrease intraspecific competition and the shift of E. fuscus from edge to interior would decrease 
intraspecific competition with L. borealis, a similarly sized bat. This shift in habitat use to avoid 
competition has been documented in bats before. One study found that bats shifted their space 
use in response to heterospecific calls, and that larger bats avoided aggregations of more agile 
bats due to impeded hunting success (Roeleke, et al., 2018).  
Bat acoustic studies have been used to generate occupancy models, which inform long 
term management tactics at wind energy facilities and intensively managed forest (Weller and 
Baldwin 2012, Bender et al., 2015). Occupancy analysis uses presence and absence data to 
model occupancy and detection probabilities. The expected probability of detection with no 
covariates was 0.328. When covariates were added to the model, the probability decreased to 
0.185. This means that expected probability of detection was 0.185 when precipitation and 
temperature are fixed at their mean value. Temperature had a significant positive correlation with 
detection; the probability of detection increased as temperature increased. Precipitation had no 
effect on detection. The lower AIC value of the model with covariates showed that it is a better 
fit for my data and better explains the trends being seen. The expected probability of occupancy 
was 0.441 with no added covariates. When habitat was added as a covariate, the p value was not 
significant, so the probability of occupancy did not change.  
The results of this study should be used to inform local decisions for conservation. 
Currently, WSU has a 15-acre easement on old growth forest in the woods (Hannah, 2017). 
Development of areas of the woods has been discussed and attempted previously, and currently, 
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development of a portion of the woods to create student housing is included in the WSU 
Strategic Plan. The results of this study reveal that all local species of bats are utilizing all 
habitats throughout the entire woods. This information is critical, as it shows that development of 
any portion of the woods would dramatically affect the foraging ability of bats. With this 
knowledge, a conservation easement covering all 82 ha of the woods preventing any 
development should be implemented.  
Current invasive study methods are stressful to bats and can cause rapid energy depletion 
from the stress and time away from foraging. These methods are not only potentially dangerous 
for injury to the bats, but also increase the potential for disease spread (WNS) because of human 
interaction and materials. Acoustic surveys are a noninvasive means of monitoring bat 
populations which provide a large amount of ecologically valuable data. Understanding the 
ecology of bat species, how they vary spatially and temporally, is crucial in order to effectively 
manage populations. The results of this study contribute to knowledge of local bat species and 
populations and can be used to inform future management of the WSU woods.  
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Chapter 2. 
 
Determining behavior-specific habitat requirements and use of the Wright State University 
woods by the endangered Indiana bat (Myotis sodalis) using acoustic recording and analysis 
 
 
Abstract 
 
Indiana bats (Myotis sodalis, MYSO) are federally endangered and were listed in 1967 
due to habitat loss and disease. White-nose Syndrome, caused by a fungal pathogen, is causing 
declines in endangered bat populations across the US, but especially in Ohio which has lost 62% 
of its population since 2007. It is crucial that we understand habitat preferences of MYSO in 
order to better manage and conserve local populations. The goal of this study was to determine 
bat behavior by analyzing vocalization recordings and using this information as an indicator of 
habitat preference and usage. I predicted hydric habitats, which are important for foraging due to 
greater insect densities, to have a greater number of echolocation calls typical of foraging 
behavior. I predicted edge habitats, which have higher rates of predation, to have a greater 
number of distress calls. Lastly, I predicted specific roost sites to be indicated by isolation calls, 
which are used by bats to increase conspecific knowledge of roost site. I monitored a local 
population of Indiana bats in the Wright State University woods using stationary acoustic 
monitors, which detect and record high frequency bat calls. I placed monitors in hydric, interior, 
and edge habitats from May 15 – August 15, 2018. Non-echolocation calls were clustered using 
hierarchical cluster analysis and tested against literature values to identify four call types: cheep, 
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double note, double note continuous, and quasi-constant frequency (QCF). Cheep calls, double 
note and double note continuous are all isolation calls. Quasi-constant frequency calls are 
aggression calls. I tested differences in proportions of social calls between riparian, interior, and 
edge habitats and found significance for all variables which suggested that number of calls and 
call type varied by habitat and date. Furthermore, I found that cheep and QCF calls increased in 
all habitats as the season progressed, but most sharply in edge habitats. These results show that 
the WSU woods houses federally endangered bats, and strongly suggest the presence of Indiana 
bat maternal roost sites in edge habitats of the WSU. This information reinforces the need for 
continual monitoring and protection of this quality primary forest. Lastly, this study provides the 
first analysis of Indiana bat habitat use by social calls, which upon further development, can be 
used to create new management practices for conservation of bats. 
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Introduction 
 
North American bats are subject to numerous threats including habitat loss and 
fragmentation, climate change, wind energy, and recently, White-nose Syndrome (WNS) (Tonos 
et al., 2014). The introduction of WNS in 2007 has caused concern for many endangered bat 
species (Ingersoll et al., 2012). Range-wide, the federally endangered Indiana bat (Myotis 
sodalis) has lost 20% of its historic population since 2007, and in Ohio specifically, over 60% of 
the population has been lost (Figure 2.1, U.S. Fish and Wildlife, 2019). Because of these drastic 
declines, habitat preferences and habitat quality urgently need to be determined to minimize 
further declines and eventually support recovery.  
Due to technological constraints, acoustic studies have only recently become a viable 
way to study bats. Bats emit a variety of social calls in addition to echolocation for foraging 
(Barclay et al., 1979; Bryne 2015; Pfalzer and Kusch, 2003) (Figure 2.2). While echolocation has 
been studied extensively, studies investigating social behavior of bats, especially outside of the 
laboratory, are limited. Bats use different habitats for roosting, foraging, and social interactions; 
however, social calls and associated habitats have, to my knowledge, not been analyzed using 
acoustic surveys. Rather, acoustic surveys have predominantly been used for population 
monitoring and presence/absence studies. Adding behavior-specific habitat analysis has the 
potential to add valuable insights to habitat and add another dimension to stationary acoustic 
survey analysis. 
The structure of a call is indicative of behavior (Barclay et al., 1979; Gould, 1975; Pfalzer 
and Kusch, 2003) and can thus help to analyze habitat usage. Echolocation calls indicate bats are 
foraging, and thus can be used to identify foraging habitat preferences. “Cheep” calls (cheep, 
double note (DN) and double note continuous (DNC)), are used in mother-infant interactions 
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(Bryne, 2015; Pfalzer and Kusch, 2003). These isolation calls can aide in identifying roost sites. 
Agonistic calls are indicated by broadband noise bursts and audible buzzes (Barclay et al., 1979; 
Bryne, 2015; Pfalzer and Kusch, 2003). Quasi-constant frequency (QCF) calls are a type of 
aggression call (Gadziola et al., 2012) (Figure 2.3). These calls can mark areas of increased 
competition. Distress calls have also been recorded in a closely related bat species, Myotis 
lucifugus (Barclay et al., 1979), which can indicate areas of the landscape with increased 
predation, such as edge habitats. Occurrences of owl predation on bats have been recorded 
anecdotally and through diet studies. Incidental records of predation by eastern screech owls 
(Megascops asio) have been seen in the Great Lakes Region (Wilson 1938; Barclay et al., 1982). 
Opportunistic predation on Myotis lucifugus by a great horned owl (Bubo virginianus) has also 
been documented (Jung et al., 2011). Both eastern screech owls and great horned owls are 
present in this area. Owls use opportunistic prey sources like bats and preferentially hunt in 
woodland and edge habitats (Smith and Gilbert, 1984). 
Little has been done to associate these behaviors with habitat, as the technology has only 
been recently introduced, and many studies focus on WNS. My aim for this study was to create 
an acoustical approach to analyze habitat use through bat social calls, demonstrate its viability 
and contribute to the knowledge of MYSO habitat requirements in general and habitat use in the 
WSU woods in particular. I used stationary bat acoustic detectors placed in hydric, edge, and old 
growth habitats to record bat vocalizations. The campus woods provide a unique habitat in an 
urban area where maternal roosts of Indiana bats were previously found (BHE Environmental & 
International Consultants, 2001). 
Wright State University has over 82 ha of primary forested habitat, and Indiana bats were 
tracked to WSU’s woods in 2000 from the maternal colony. I hypothesized that habitats used by 
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Indiana bats in the WSU woods can be differentiated and evaluated by relative frequency of 
behaviors expressed. I predicted hydric habitats to have a high number of foraging calls (search 
phases and feeding buzzes) as these habitats are preferentially selected for foraging (Carter, 
2006), and disturbed habitats such as edges, to have a high number of distress calls which have 
high rates of predation (Andrén, 1995). Lastly, I predicted maternity roost locations to be 
revealed by large numbers of isolation calls. 
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Figure 2.1. Indiana bat population estimate by state from 2001 to 2019 (U.S. Fish and Wildlife, 2019). 
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Figure 2.2. Waveform and sonogram showing qualitative characteristics of echolocation and non- echolocation calls of Myotis 
sodalis acoustic behavior documented at study site near Plainfield, Indiana May to August 2013–2014. Figure adapted from Bryne, 
2015. 
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Figure 2.3. Waveform and sonogram of social call group types based on visual and clusters analysis of Myotis sodalis acoustic 
behavior documented at study site near Plainfield, Indiana May to August 2013–2014. (A) broadband noise burst, (B) audible buzz, 
(C) cheep, (D) double- note call, (E) double-note continuous call, and (G) quasi-constant frequency call. Figure adapted from Bryne, 
2015. 
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Methods 
Study Site 
This study was conducted at Wright State University, located in Dayton, OH (39.7822, -
84.0625). WSU has 82 ha of primary, aged at 85 years, and secondary, aged at 65 years, forested 
habitat. Two streams run through both primary and secondary areas and are a part of the Mad 
River watershed. Indiana bats were tracked to WSU’s woods in 2000 from a maternal colony 
located nearby (BHE Environmental & International Consultants, 2001). Indiana bats have also 
been detected via acoustic surveys in the WSU woods in Summer 2017 (Simonis, 2018).  
Sampling 
I monitored bats in the WSU woods via stationary call detectors from May 15 to August 
30, 2018, in accordance with US Fish and Wildlife Service (FWS) guidelines for Indiana bat 
surveys (U.S. Fish and Wildlife Service, 2018). I selectively placed a SM4BAT FS bat detector 
(Wildlife Acoustics, Inc., Maynard, MA, USA) at 15 sample sites throughout the woods, in 
hydric (n = 5), interior (n=5), and edge (n = 5) habitats. Locations were chosen to maximize the 
number of calls recorded based on previous monitoring in 2017 (Simonis, 2018). Sites were at 
least 60km from each other to avoid overlapping of detection range. Interior habitat sites were as 
at least 100m from the forest edge in all directions, edge sites were within 10m from the forest 
line, and hydric sites were located directly along the stream corridors. When possible, snags and 
shag bark hickory trees were selectively chosen to mount the detector on, as tree roosting bats 
preferentially select trees with exfoliating bark for day roosting (Humphrey et al., 1977). 
The SM4BAT was placed at a height of three meters and remained at each site for three 
consecutive detection nights, after which it was moved to the next site in an alternate habitat. All 
15 sites were monitored twice in summer 2018 for a total of six detection nights per site. This 
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amount is above the four detector nights per site recommended by FWS (U.S. Fish and Wildlife 
Service, 2018). 
Monitoring began 90 minutes before sunset and ended 90 minutes after sunrise. This 
allotted time allowed for the greatest amount of potential bat-pass detections and provided an 
accurate index of nocturnal foraging activity (Skalak et al., 2012). Temperature was recorded 
every 10 minutes by the detector, and precipitation in inches was recorded for each night. 
Classification of Calls 
All calls were classified using bat acoustic software Kaleidoscope Pro (Wildlife 
Acoustics, Inc., Maynard, MA, USA). I separated classifications into two groups, species 
classified echolocation calls and noise files. For all call files marked as noise, I measured 
minimum and maximum frequency (kHz), duration (ms), bandwidth (kHz), and peak frequency 
on spectrograms in the acoustic software, Raven Pro (Cornell Lab of Ornithology, Ithaca, NY, 
USA).  
Data Analysis 
I filtered files in the programming language R, Version 3.6.1 (R Core Team, 2018) so that only 
calls with features in our range of interest were selected (Table 2.1).  
I performed divisive hierarchical cluster analysis using the package dendextend (Galili, 
2015) on calls within the parameters of interest to determine how calls clustered. A dendrogram 
was created for calls from each habitat. I determined the optimum number of clusters using the 
elbow method and colored the dendrograms accordingly.  
I calculated average minimum and maximum frequency (kHz), duration (ms), bandwidth 
(kHz), and peak frequency for each cluster and compared them to known features from the 
literature for significant differences using a z test. Social calls were classified by clusters with at 
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least two features that were not significantly different from the values for that call found in the 
literature. Cheep, double note, and double note continuous calls were combined into a single 
cheep cluster for analysis, as all are types of isolation calls. 
To determine the importance of different habitats and associations with behavior for 
Indiana bats, I tested differences in proportions of calls between hydric, interior, edge  
habitats in a generalized linear model with a Poisson distribution. I ran an ANOVA test on the 
generalized linear model output to test which variables significantly affected number of calls. 
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Table 2.1. A list of the filtered features and their ranges of interest.  
Call Feature Minimum (Hz) Maximum (Hz) 
Maximum frequency 24,000 67,000 
Bandwidth 0 20,000 
Peak Frequency 18,000 30,000 
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Results 
I recorded 31,515 call files across 2627 detection hours. Of those call files, 9440 were 
classified as echolocation calls and 22,471 as non-echolocation calls. Non-echolocation calls 
were filtered down to 1,352 calls within Indiana bat frequency ranges.  
The elbow method resulted in social calls clustering into seven groups according to 
similar features for all habitat types (Figure 2.4). Twelve out of 21 clusters had at least two 
features that were not significantly different from literature values. The 12 clusters mapped to 
four different call types: double note, double note continuous, cheep calls, and quasi-constant 
frequency calls. Averages were calculated for each cluster (Table 2.2). There were 493 social 
calls identified: 460 QCF calls, 19 cheep calls, 12 DNC, and 2 DN calls.  
The generalized linear model showed significance for all 11 coefficients, and this was 
confirmed by an ANOVA (Table 2.3). All habitats were significantly different from each other in 
call types present.  
Out of all combinations of habitat and call types QCF calls were most numerous in edge 
habitats (13.99 ± 1.17 calls), while the rarest calls were cheep calls in riparian habitats (0.06 ± 
0.04 calls) (Figure 2.5). As the season progressed, the number of echolocation calls decreased in 
all habitats. Cheep and QCF calls increased with time in all habitats, most dramatically in edge. 
The number of calls varied by habitat and date (Figure 2.6). The number of cheep calls 
increased over time in both edge and interior habitats but decreased in riparian. Echolocation 
calls decreased in all habitats over time. QCF calls increased in all habitats over time.
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Figure 2.4. Dendrograms of call types clustered by features. A) edge calls, b) riparian calls, c) 
interior calls. Dendrograms are clustered into groups of seven, indicated by color. Matching 
colors on different dendrograms do not indicate the same call type. 
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Table 2.2. Indiana bat social calls identified in this study. Averages and standard errors are listed 
for each feature as well as in what habitat each call type was detected. 
  
Habitat n Call 
Type 
Duration 
(ms) 
Bandwidth 
(Hz) 
Max 
Frequency 
(Hz) 
Peak 
Frequency (Hz) 
Edge 229 QCF 56.76 7.96 25.96 25.96 
Edge 19 Cheep 62.39 17.61 28.24 28.24 
Edge 1 QCF 56.21 6.24 25.10 25.10 
Edge 4 DNC 37.04 5.50 28.50 28.50 
Interior 4 DNC 41.91 16.00 28.00 28.00 
Interior 31 QCF 49.48 4.02 25.26 25.26 
Interior 28 QCF 66.22 8.11 25.04 25.04 
Interior 4 DNC 25.64 8.50 29.13 29.13 
Riparian 152 QCF 76.26 18.07 24.71 24.71 
Riparian 2 DN 32.92 19.00 27.75 27.75 
Riparian 18 QCF 64.14 10.19 24.64 24.64 
Riparian 1 QCF 58.16 0.50 25.00 25.00 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
Table 2.3. ANOVA table for the generalized linear model. 
 
Variable Df Deviance Residual 
DF 
Residual DF Pr(>Chi) 
NULL 
  
204  4611.5  
 
Habitat 2 912.56 202 3699.00 0 
Call type 2 470.53 200 3228.50 0 
Date 1 146.84 199 3081.60 0 
Habitat:Call 
type 
4 203.7 195 2877.90 0 
Call type:Date 2 157.05 193 2720.90 0 
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Figure 2.5. Number of calls of each call type in the corresponding habitat, as predicted by the general linear model. SE=standard error 
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Figure 2.6. A matrix of graphs displaying how the log-transformed number of calls changes over time for each call type in each 
habitat. Gray shaded areas represent 95% confidence intervals.
Edge 
Interior 
Riparian 
Riparian                                                   Riparian                   Riparian 
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Discussion 
All habitats were significantly different from each other in call types present, lending 
support to my hypothesis that different social calls are correlated with different habitats. 
Furthermore, call numbers and call type distributions changed with season.  
As the season progressed, the number of echolocation calls decreased. In contrast, cheep 
and QCF calls increased with time. This increase in cheep calls, used in mother-infant 
interactions, is to be expected because as more offspring are born, the number of calls between 
female and offspring increase. Cheep calls increased in edge and interior habitats. This is 
consistent with Indiana bat ecology; Indiana bats use two types of roost sites, primary and 
alternate roosts (Callahan et al., 1997). Primary roosts are used more commonly and are located 
in standing dead trees exposed to direct sunlight like those in edge habitats (Callahan et al., 
1997). Alternate roosts, used less frequently, include both living and dead trees that typically 
were located within the shaded forest interior (Callahan et al., 1997). My results indicate that 
Indiana bats are utilizing primary roost sites in the edge habitats of the WSU woods. Alternate 
roost sites in the interior are also be present, but in fewer numbers, denoted by the smaller 
number of isolation calls. 
The increase in QCF calls throughout the season could be due to several different factors. 
The most likely explanation is maternal aggression; females become more aggressive when they 
have offspring and are nursing. Maternal aggression has been well documented in many mammal 
species including bats and increases throughout the reproductive season (McCowen and Reiss 
1995; Rydell, 1986; Svare 1981). The increase in QCF calls could also be due to the arrival of 
migratory bats or an increase in conspecifics when offspring are born. With more bats, there are 
more interactions and competition, hence the increased aggression calls. Bryne (2015) found that 
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QCF calls were most common when bats were leaving the roost, which would suggest that with 
an increased number of bats at the roosting site, QCF calls increase.  
The decrease in echolocation calls throughout the season was an unusual result. 
Typically, the number of echolocation calls increases throughout the season, as more bats are 
foraging. However, as juvenile bats mature and begin to forage, female bats will leave the roost 
for longer periods of time and forage farther away (Humphrey et al., 1977). The decrease in 
echolocation calls could be explained by this; female Indiana bats are foraging outside of the 
WSU woods later in the season.  
I was unable to test the hypothesis that distress calls were more frequent in edge habitats 
because no classifiable distress calls were recorded.  
To increase the efficacy of social acoustic analysis, future studies need to identify vocal 
repertoires for more bat species, as well as record more calls of species with known repertoires to 
create more accurate ranges of calls. I suggest sampling established bat populations to maximize 
call recordings.  
The presence of cheep calls indicates maternal roost sites in the WSU woods. Future 
research should focus on locating roost sites by conducting nightly emergence surveys. As of 
December 2016, WSU has a 15-acre easement on old growth forest in the woods (Hannah, 
2017). Development of areas of the woods to create student housing is included in the WSU 
Strategic Plan. Roost site location along with the results presented here will aide in obtaining an 
extended conservation easement to prevent such development of the WSU woods. 
My aim for this study was to create an acoustical approach to analyze habitat use through 
bat social calls. With continuing decline in bat populations due to numerous threats, it is critical 
that surveys be as non-invasive as possible while still obtaining a lot of ecologically important 
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data. I wanted to minimize harmful effects of invasive sampling methods while maximizing the 
amount of ecologically valuable information obtained from acoustics. This study provides the 
first acoustic social analysis of Indiana bats, and also corroborates habitat use results from 
previous studies. The results presented here confirm that social calls are a useful tool to analyze 
habitat usage, not only of Indiana bats, but also of other bat species for which social and social 
repertoires are available. This knowledge can be used to implement better management practices 
for conservation of bats. 
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